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ABSTRACT 

Recently  it  has  been  suggested  that  the  performance 
characteristics  of  a  rubidium  gas  cell  atomic  frequency 
standard  might  be  improved  by  replacing  the  standard 
rubidium  discharge  lamp  with  a  single  mode  laser 
diode.  Since  the  short  term  stability  of  the  rubidium 
frequency  standard  is  limited  by  the  shot  noise  of  the 
photodetector,1  an  increased  signal  to  noise  ratio, 
from  the  more  efficient  laser  diode  pumping,  might 
significantly  improve  the  short  term  performance. 
Because  the  emission  wavelength  of  the  laser  diode  can 
be  tuned,  improved  long  term  performance  could  be 
attained  through  the  control  of  the  ligl^t  shift 
effect.  However,  work  done  by  Lewis  et  al“  at  NBS 
Boulder  indicates  that  a  new  source  of  instability  is 
present  in  the  laser  pumped  clock;  the  frequency  insta¬ 
bility  of  the  laser  induces  instability  in  the  fre¬ 
quency  standard. 

We  have  been  investigating  various  aspects  of  the  laser 
pumped  gas  cell  atomic  clock.  Our  investigations 
include  effects  due  to  laser  intensity,  laser  detuning 
and  the  choice  of  the  particular  atomic  absorption 
line.  Our  studies  indicate  that  the  performance  of  the 
gas  cell  clock  may  be  improved  by  judicious  choice  of 
the  operating  parameters  of  the  laser  diode. 

The  laser  diode  has  also  proved  to  be  a  valuable  tool 
in  investigating  the  operation  of  the  conventional  gas 
cell  clock.  Our  results  concerning  linewidths,  the 
light  shift  effect  and  the  effect  of  isotopic  spin 
exchange  in  the  conventional  gas  cell  clock  are 
reported  here. 
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INTRODUCTION 


The  recent  advances  that  have  been  made  in  the  semiconductor  laser 
diode  technology  have  been  followed  very  closely  by  numerous  appli¬ 
cations  for  this  type  of  laser  in  practical  devices.  The  laser  diode 
is  extremely  attractive  because  it  possesses  the  features  of  high 
light  intensity  in  a  small  package  requiring  only  moderate  to  low 
power  for  operation. 

The  rubidium  gas  cell  atomic  clock  is  one  such  device,  among  others, 
that  could  possibly  be  improved  by  the  incorporation  of  a  laser  diode 
which  would  be  used  in  place  of  the  conventional  rubidium  discharge 
lamp.  Figure  1  is  a  schematic  representation  of  the  rubidium  gas 
cell  clock.  In  the  'classic'  design  of  the  clock,  *  the  physics  pack¬ 
age  consists  of  an  optical  absorption  cell  contained  within  a  micro- 
wave  cavity,  a  hyperfine  filter  cell  and  a  rubidium  lamp  providing 
the  optical  pumping  radiation.  The  absorption  cell  and  the  lamp 
usually  contain  Rb  while  the  hyperfine  filter  employs  the  ®^Rb 
isotope.  A  simplification  of  this  design  uses  an  'integrated' 
absorption  cell  in  order  to  avoid  the  necessity  of  the  hyperfine 
filter  cell.2  From  Figure  1,  it  is  readily  apparent  that  the  use  of 
a  laser  diode  as  the  optical  pumping  source  in  the  rubidium  clock 
could  be  quite  beneficial.  The  laser  would  provide  a  much  more 
intense  beam  of  light  with  better  collimation  and  a  spectral  line- 
width  sufficiently  narrow  to  allow  for  the  elimination  of  the  filter 
cell.  Additionally,  because  of  the  tuneability  of  the  laser  diode, 
frequency  offsets  due  to  the  light  shift  effect  could  be  readily 
controlled. 

Although  the  idea  of  using  laser  diodes  in  place  of  discharge  lamps 
is  not  a  new  idea,  it  has  only  been  very  recently  that  single  mode 
laser  diodes  of  sufficiently  long  life  have  become  commercially 
available  at  prices  that  make  their  use  somewhat  reasonable.  In 
addition  to  our  effort  in  this  area  at  The  Aerospace  Corporation, 
there  is  a  very  active  effort  at  NBS  Boulder  to  investigate  the  pos¬ 
sible  uses  of  laser  diodes  in  atomic  clocks. 

However,  as  is  normally  the  case,  no  simple  substitution  of  one  com¬ 
ponent  in  a  device  for  some  other,  although  much  better,  component  is 
ever  possible.  The  new  component  itself,  in  this  case  the  laser 
diode,  must  be  made  to  conform  to  the  constraints  of  the  device;  the 
clock.  Additionally,  new  aspects  of  the  device  normally  appear  upon 
the  incorporation  of  the  improved  component.  We  report  here  on  our 
observations  of  new  characteristics  of  the  rubidium  clock  when  oper¬ 
ated  using  a  laser  diode  pump  source. 
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DISCUSSION 


Our  experimental  apparatus  is  shown  schematically  in  Figure  2.  The 
emission  from  a  Mitsubishi  ML  4001  GaAlAs  laser  diode  was  collimated 
and  used  to  illuminate  the  absorption  cell  of  an  Efratom  FRK-L 
rubidium  frequency  standard.  This  particular  standard  employs  the 
integrated  absorption  cell.  The  laser  diode  linewidth  was  measured 
to  be  approximately  400  MHz  and  the  laser  provided  output  power  of  up 
to  6  mW/cmA .  The  rubidium  lamp  from  the  frequency  standard  was 
removed  to  allow  access  for  the  laser  light.  Since  the  laser  diode 
electronics  were  sufficient  to  keep  the  wavelength  of  the  laser  from 
drifting  for  about  an  hour,  no  further  wavelength  stabilization  of 
the  diode  was  used  for  these  particular  experiments.  The  laser  diode 
was  tuned  to  the  proper  hyperfine  absorption  line  of  the  “^Rb  by 
observing  the  transmitted  light  through  the  absorption  cell,  and  due 
to  the  particular  diode  used  we  tuned  to  the  ^^1/2”  ^1/2^ 

resonance  of  rubidium  at  794.7  ran.  The  10  MHz  clock  frequency  was 
monitored  with  an  HF-5345A  frequency  counter  and  a  gate  output 
indicated  locking  of  the  crystal  frequency  to  the  rubidium  hyperfine 
transition . 


Figure  3  shows  the  absorption  spectrum  of  the  gas  cell  as  the  laser 


was  tuned  across  the  Dj  resonance.  The  two  central  peaks  at  a  tuning 
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GHz  correspond  to  the  F  =  3  and  F  =  2  hyperfine  absorption 
the  ^JRb  present  in  the  cell  for  the  normal  operation  of 

that  appears  on  the  F  =  3 
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Rb  near  0.5  GHz  corresponds  to  the  F 


of 
of 

line 

unequal  contributions 
excited  state. 


Rb,  and  the  peak  at  7.3  GHz  corresponds  to 
of  “'Rb.  This  line  appears  to  be  asymmetric 
from  the 


hyperfine  line 
=  2  hyperfine  line 
the  F  =1  hyperfine 
because  of  the 
two  hyperfine  states  of  the  first 


Figure  3  also  shows  those  regions  of  laser  tuning  where  the  clock 
locked,  and  it  should  be  remembered  that  the  clock  will  only  lock 
when  there  is  a  population  imbalance  between  the  two  ®^Rb  hyperfine 
states.  Not  surprisingly,  the  figure  clearly  shows  that  the  clock 
locked  when  the  laser  was  tuned  to  either  of  the  ^Rb  hyperfine 

absorption  lines.  However,  when  the  laser  was  tuned  to  the  F  =  3 

absorption  line  of  OJRb,  the  clock  locked  to  the  Rb  microwave 

resonance.  This  effect  shows  that  hyperfine  polarization  is  being 
shared  between  the  and  ^'Rb  populations.  The  most  obvious  mech¬ 
anism  to  account  for  this /  sharing  of  polarization  is  spin-exchange 

between  the  two  isotopes."4  The  presence  of  spin  exchange  between 
the  ^Rb  and  may  result  in  a  frequency  shift  in  the  clock  that 

is  proportional  to  the  rubidium  density.  Whether  this  proposed  fre¬ 
quency  shift  has  any  deleterious  effect  on  the  operation  of  the  clock 
is  not  presently  known . 
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Our  preliminary  investigation  of  the  light  shift  effect  in  the  gas 
cell  clock  involved  its  dependence  on  laser  intensity  and  wavelength. 
The  laser  diode  emission  was  first  centered  on  the  F  =  1  ®^Rb  absorp¬ 
tion  line  and  then  subsequently  tuned  to  the  high  and  low  side  of 
this  line .  The  laser  intensity  was  6  mW/cm2 .  Since  the  10  MHz  out¬ 
put  and  the  Rb  hyperfine  transition  frequency  are  directly 

proportional,  it  is  a  straightforward  procedure  to  relate  a  change 

in  the  clock's  output  to  a  shift  in  the  Rb  hyperfine  transition 
frequency.  The  results  of  this  light  shift  measurement  are  displayed 
in  Figure  4. 

From  top  to  bottom  the  four  curves  of  Figure  4  represent  laser  detun¬ 
ing  from  the  5S  (F  =  1)  -  5P  y  (F  =  2)  resonance  of  approximately 
-700  MHz,  -200  ifllz,  0,  and  +200  MHz  respectively.  All  of  these 

curves  show  the  same  general  behavior:  they  are  linear  at  low  laser 
intensity,  reach  an  extremum,  and  finally  saturate  to  a  light  shift 
value  dependent  only  on  the  laser  detuning  from  the  atomic 
resonance .  Hie  linearity  of  these  curves  at  low  light  intensity  and 
their  symmetry  about  zero  frequency  detuning  are  consistent  with  the 
standard  theory  of  light  shifts  first  developed  by  Barrat  and  Cohen- 
Tannoudji^  and  treated  semi-classically  by  Flapper  and  Mathur.^  We 
believe  that  the  new  features  of  the  light  shift  curve,  the  extrema 
and  saturation  regions,  are  due  to  an  Autler- Townes  type  splitting 
of  the  microwave  resonance.  This  splitting  would  occur  because  the 
microwaves  are  no  longer  probing  a  nearly  unperturbed  Rb  atom;  they 
are  probing  a  Rb  atom  while  it  is  interacting  with  the  intense  laser 
emission.  Arditi  and  Ficque  proposed  a  similar  mechanism  for  distor¬ 
tions  that  they  observed  in  the  microwave  signals  from  a  Cs  vapor 
optically  pumped  with  a  GaAs  laser  diode^,  and  we  have  seen  similar 
distortions  in  our  microwave  lineshapes  . 

As  evidenced  by  Figure  4,  the  light  shift  is  a  sensitive  function  of 

laser  frequency  detuning.  In  fact,  even  when  the  laser  is  tuned  on 

resonance  there  is  a  very  small  light  shift  effect  which  we  believe 
is  due  to  the  overlap  of  the  ®2Rb  (5S  y  (F  =  1)  -  5P  y  (F  =  1  and 

2)  )  absorption  lines.  In  order  to  more  fully  understand  the  effect 

of  laser  detuning,  we  measured  the  light  shift  as  the  laser  was  tuned 
across  the  F  =  1  hyperfine  resonance  for  a  fixed  laser  intensity. 
Figure  5  shows  the  results  of  one  such  experiment  where  the  relative 
laser  intensity  was  held  fixed  at  about  0.3^  mW/cm2  and  th^  zero  of 

frequency  detuning  corresponds  to  the  5S  y  (F  =  1)  -  5P  y  (F  =  2) 

atomic  resonance.  The  solid  curve  is  a  calculation  of  the  light 
shift  as  a  function  of  detuning  based  on  the  theory  of  Happer  and 
Mathur.  The  discrepancy  between  theory  and  experiment  in  the  region 
of  large  negative  detuning  may  be  due  to  spin  exchange  shifts  result¬ 
ing  from  the  pumping  of  by  the  wing  of  the  laser  line.  We  pre¬ 
sently  do  not  have  enough  data  to  definitively  determine  the  origin 

of  this  discrepancy. 
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Two  important  factors  which  effect  the  shape  of  Figure  5  are  the 
excited  state  hyperfine  splitting  and  the  broad  laser  line.  It  is 
the  combination  of  these  two  factors  whicji  produces  the  nearly  flat 
region  at  a  laser  detuning  of  -  -.015  cm  (-450  MHz),  and  indicates 
that  the  atomic,  hyperfine  frequency  is  relatively  insensitive  to 
slight  changes  in  the  laser  frequency.  We  refer  to  this  flat  region 
as  the  "decoupling"  region,  since  the  clock  frequency  could  be  con¬ 
sidered  as  decoupled  from  laser  frequency  noise  if  the  laser  was 
tuned  into  this  region. 

The  two  curves  of  Figures  4  and  5  suggest  a  novel  technique  for  oper¬ 
ating  a  laser  diode  gas  cell  clock  which  might  result  in  improved 
performance.  The  laser  diode  would  be  operated  at  high  intensity  so 
as  to  be  in  the  saturation  region  of  Figure  4,  and  detuned  into  the 
decoupling  region  of  Figure  5.  In  this  way  the  atomic  response  to 
the  optical  pumping  conditions  would  decouple  laser  intensity  and 
frequency  noise  from  the  clock  output .  We  are  in  the  process  of 
performing  Allan  Variance  measurements  on  a  gas  cell  clock  operated 
with  this  optical  pumping  scheme,  and  the  results  will  determine  if 
any  improvement  occurs . 
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Figure  1.  Schematic  Diagram  of  a  Passive  Rubidium  Gas  u,ell  Frequency  Standard 
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chematic  Diagram  of  the  Experimental  Apparatus 
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Figure  3:  Rb  absorption  spectrum  in  the  integrated  cell  showing 

07  Q  C 

the  hyperfine  structure  of  both  0  Rb  and  Rb.  The 
solid  line  represents  the  locked  condition  of  the  clock. 
This  was  determined  by  observing  the  current  flow  in 
the  phase  lock  indicator.  We  observed  conditions 
between  unlocked  and  full-lock  of  the  feedback  loop, 
and  thus  this  plot  essentially  maps  potential  operating 
points  of  the  clock. 


HYPERFINE  FREQUENCY  -  6,934,687,000  Hz 


RELATIVE  LASER  INTENSITY 

Figure  4:  Microwave  resonance  frequency  as  a  function  of  light 

intensity  for  various  laser  detunings  from  the  5S  y 

1  L 
(F  =  1 )  -  5P  —  (F  =  2)  optical  resonance.  The 

detunings  from  top  to  bottom  are  =  -700  MHz, 

-200  MHz,  O,  and  200  MHz.  Maximum  laser 

intensity  is  6  mW/cm  ,  The  solid  lines  are  linear 

fits  of  the  low  intensity  light  shift  points.  This 

linear  relationship  is  expected  from  the  classic 

theory  of  the  light  shift  effect.  The  dashed  lines  are 

for  the  convenience  of  the  reader  to  follow  the  light 

shift  along  a  particular  laser  detuning. 
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QUESTIONS  AND  ANSWERS 


PROFESSOR  ALLEY: 

What  do  you  use  to  laser  these  chisels  by? 

MR.  COMPARO: 

Current. 

DR.  DAVE  WINELAND: 

One  minor  point.  When  you  tuned  on  resonance,  what  you  call  a 
resonance  condition,  don't  you  get  poling,  don't  you  pole  the  other 
hyperfine  level  in  the  ground  state,  since  you're  off  resonance 
with  that  line? 

MR.  COMPARO: 

Oh,  you  mean  the  splitting  there? 

DR.  WINELAND: 

Yes. 

MR.  COMPARO: 

That  excited  state  splitting? 

DR.  WINELAND: 

No,  no.  The  ground  state  splitting.  You're  tuned  to  one  ground 
state  --  you  know,  from  one  of  the  ground  state  levels  to  the 
excited  state. 

And  don't  you  pole  then  the  other  ground  state  level? 

MR.  COMPARO: 

Oh,  because  I'm  detuned? 

DR.  WINELAND: 

Yes.  Or  is  that  just  a  negligible  effect  at  this  point? 

MR.  COMPARO: 

I  think  it  would  be  negligible  because  my  laser  line  which  is  400 
megahertz,  and  that's  six  gigahertz  away. 


DR.  WINELAND: 


Okay.  That  was  really  the  question  I  meant.  At  this  point,  any¬ 
way,  it  is  negligible. 

MR.  COMPARO: 

I  would  think  so. 

DR.  WINELAND: 

The  other  question  —  and  maybe  I  just  didn't  understand  --  when  you 
say  —  the  numbers  you  got,  where  you  were  at  line  center,  and  the 
stability  turned  up,  were  you  actually  locked  to  line  center?  Or 
were  you  just  nominally  tuned  to  line  center? 

MR.  COMPARO: 

No.  Just  nominally  tuned. 

DR.  WINELAND: 

Okay. 

MR.  COMPARO: 

The  thing  is  the  only  way  that  the  laser  is  really  stabilized  to 
the  atomic  absorption  line  is  as  long  as  the  current  and  tempera¬ 
ture  don't  cause  you  to  drift  away. 

DR.  WINELAND: 

Okay.  So  presumably  you  might  be  able  to  improve,  if  you  actually 
locked. 

MR.  COMPARO: 

Exactly.  Exactly.  And  that's  one  thing  we  want  to  do.  We've 
talked  to  Lyndon  Lewis  about  his  locking  scheme.  And  we're  going 
to  be  doing  something  similar  to  see  what  happens  to  those  mea¬ 
surements  when  the  clock  is  locked  to  the  absorption  line,  so  you 
don't  have  to  worry  about  drift. 

DR.  FRED  WALLS,  National  Bureau  of  Standards 

Another  possible  scheme,  of  course,  is  to  pulse  the  light  on  and 
off.  That  has  a  couple  of  advantages.  One,  of  course,  is  that  it 
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removes  the  frequency  pulling  from  the  source.  And  the  other 
thing  is  that  you  can  have  an  improvement  in  the  line  width,  be¬ 
cause  part  of  the  microwave  line  width  is  the  fact  that  you're 
disturbing  it  with  a  pumping  process. 

MR.  COMPARO: 

I  think  that's  absolutely  true.  And  I  don't  know  if  we'll  be  get 
ting  to  some  type  of  scheme  like  that  in  the  near  future,  but  it' 
definitely  something  that  should  be  looked  into. 
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